Abstract. As a result of photochemistry, some relationship between the stratospheric age of air or mean age and the amount of tracer contained within an air sample is expected. The existence of such a relationship allows inferences about transport history to be made from observations of chemical tracers. This paper lays down the conceptual foundations for the relationship between age and tracer amount for long-lived tracers, developed within a Lagrangian framework. Although the photochemical loss depends not only on the age of the parcel but also on its path, we show that under the "average path approximation" that the path variations are less important than parcel age. The average path approximation then allows us to develop a formal relationship between the age spectrum and the tracer distribution. Using this relationship, tracer-tracer correlations can be interpreted as the result of mixing which connects parts of the "single-path photochemistry curve," a universal path-independent curve that describes the photochemical loss in terms of the total photon exposure. This geometric interpretation of mixing gives rise to constraints on trace gas correlation curves as can be seen in the atmospheric trace molecule spectroscopy observations.
Introduction
As air enters the tropical stratosphere, it moves upward and toward the extra tropics roughly along the streamlines of the Brewer-Dobson circulation. Mass balance requires that most of the air rising into the tropical stratosphere will immediately move poleward and subsequently descend into the middle world (see Holto• et al., [1995] for discussion of the middle world region of the stratosphere). However, some air continues to rise into the stratosphere and mix with the environment. Understanding the movement, residence time, and mixing of air within the stratosphere is key to assessing the impact of pollutants on the ozone layer.
Thc measurement of nearly inert trace gases, which have known time-dependent sources, can be used to estimate the time elapsed since the air first entered the stratosphere. This transit time is commonly called the mean age, and it gives important clues about the stratospheric circulation. The mean age depends not only on the timescale of the mean circulation but also on fluctuations around the mean transport; that is, it depends on the mixing. As we discuss below, the sampled air can have a complex time history; thus the transit time from the tropopause to some point within the stratosphere is not, in general, well-characterized by a single timescale.
The realization that the character of a sample of air is determined by both the transport and mixing history has led to the idea that the transit time is more aptly described by a distribution of timescales [Kida, 1983; Hall and Plumb, 1994] . In this distribution, each element corresponds to a single path connecting the source and observation or sample point. Thus an air sample can be considered to consist of a large number of 0148-0227/00/1999JD900787509.00 "irreducible parcels," each of which has traveled along a single path that connects the source and the observation region at the time of the measurement. There are, of course, a very large number of such parcel paths, the maximum number being the number of molecules in the sample. One need not consider such a large number, however; the number of paths need only be chosen sufficiently large so that all the relevant ensemble statistics have converged. Increasing the number of parcels beyond this point will introduce no new information. Thus the sample consists of a statistically robust ensemble of irreducible parcels which have taken different paths to the sampling volume. The parcels are irreducible in the sense that whatever parcel splitting or stretching that occurs is implicitly accounted for by having a large number of parcels. The term parcel will here after refer to an irreducible parcel.
In terms of such an ensemble of paths the mean age can then be interpreted as the mean of the transit time distribution, commonly referred to as the "age spectrum" [Hall and Plumb, 1994] (hereinafter referred to as HP). Although it is easy to compute the age spectrum for a numerical model for which the mixing history is known, it is not possible to infer the age spectrum solely from observations. Given only an observation of the total amount of trace gas in the sample, we have no a priori knowledge of its detailed time history. Under some conditions, however, the mean age of a sample can be inferred from the amount of trace gas in the sample. Inferring the mean age becomes possible when there is something in the system that acts as a "clock," marking the passage of time along a parcel path from the source to the observation point. One example is an inert tracer with a monotonically increasing source S(t) (HP). In this case, a parcel entering the stratosphere at time t -t o has mixing ratio S(to) and is therefore tagged by its entry time.
Another example of a stratospheric clock occurs when the source is constant in time but the amount to trace gas in the parcel decays with time. In the simplest case the decay rate is independent of ambient conditions and is thus independent of path, for example, a radioactive tracer. In this simple situation, two parcels that take the same time to travel from the source 
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to the observation point will have the same amount of tracer, even if they have traveled on different paths. This means that there is a 1:1 correspondence between the amount of trace gas in the parcel and the age of the parcel. The actual amount of a constituent measured in the sample is the volumetric average of the trace gas amounts of all parcels comprising the sample. Because there is a distribution of ages in the sample, there will also be a distribution of photochemical losses, and by analogy to the age probability distribution function (PDF) or "age spectrum," the distribution of trace gas amounts is the tracer PDF or "tracer spectrum."
In the case of stratospheric tracers such as N20 or CH 4 the situation is more complicated. The amount of photochemical loss now depends on the accumulated exposure to photolyzing radiation or locally generated reactive compounds. For such "total exposure constituents" [Mcintyre, 1992] , the 1:1 relation between age and trace gas amount is blurred, and parcels with the same age may have different trace gas amounts, depending on the latitude and altitude range of their paths. This problem is illustrated in Plate 1. The cartoon shows two parcels that have the same age although they take different paths to arrive at the sample point with different N20 amounts. This cartoon also illustrates the Lagrangian view of the mixing and transport process. The "sample" is the local assembly of irreducible parcels that have taken many different paths to the sample region. Because the parcels are irreducible, by definition, they do not mix with their environment on the way to the sample point.
As mentioned above, although we cannot directly observe the age spectrum in the real atmosphere, the age spectrum can be computed for a model. There are two methods. The first method is an Eulerian calculation. A pulse of inert tracer is released at the tropopause and allowed to disperse throughout the stratosphere. At a given point within the model domain the graph of the tracer amount versus time gives the age spectrum. Computing the age spectrum in this way is equivalent to finding the Green function solution to the model transport dynamics (HP) and assumes that nonstationary processes are negligible on the multiyear timescale of the problem. Hall and Waugh [1997] report the age spectrum and mean age distributions for two general circulation models using this method.
The second method is Lagrangian. Adiabatic or kinematic trajectory model is used to move a large number of air parcels that are continuously released at the tropopause. After a long time (years) the age spectrum for a sample volume containing many parcels can be computed. No assumptions of stationarity are made, which means that a trajectory computed age spectrum will vary in time. A further advantage of the trajectory method is the fact that Eulerian estimates of the mean age appear to depend on the advection scheme (J. Eluszkiewicz, personal communication, 1999), while the trajectory transport is nondispersive. The disadvantage of the trajectory method is that a very large number of parcels need to be used because the parcel density, similar to the atmospheric density, decreases exponentially with altitude.
The trajectory model method has an advantage in that it allows us to develop a Lagrangian interpretation of mixing and transport. For example, the observation that long-lived tracers are highly correlated, producing a compact relationship, has become an important tool in interpretation of stratospheric data. The formation of such a compact relationship is explained in a seminal paper by Plumb , we postulate, as discussed in section 1, that a "sample" of air contains a large number of irreducible parcels with different ages and composition. In the Iiagrangian view, each of theqe irreducible parcels has traveled from the tropical tropopause (where we assume that all air enters the stratosphere) to a sample point as illustrated in Plate 1. Since these are irreducible parcels, mixing does not take place along the paths but is implied in the formation of the sample. The dependence of the total photochemical exposure on the parcel path gives rise to a distribution of trace gas amounts in the sample. In the following, we establish an approximate relation between the tracer and age distributions that follows from the fact that parcels with similar ages have similar photochemical exposures. This approximation allows us, in principle, to use photochemically active trace gases as markers of age.
The age spectrum Go(T, x,, xo) d T is the probability that the transit time from the source at x o to the sample point x, is in the range T to T + tiT, and Go(T, x•, Xo) d T = 1.
We identify Go(T, x, Xo) as the Green function for an inert tracer with a source Bo(t, Xo) at xo such that the tracer concentration B, at the sample point is f0 t B,(xs, xo, t) = Bo(T, xo)Go(t -T, x,., xo) tiT. 
where 0o(/3 ) is the Laplace transform of the age spectrum.
Let us now extend the example using the analytic age spectrum from the one-dimensional (l-D) diffusion model as developed by HP. The HP age spectrum is given by (8) where K is the diffusion coefficient, H is the atmospheric scale height, and z is the height. Despite its simplicity, this age spectrum (equation (8)) has many characteristics of more re- 
Photochemically Active Tracers
For most trace gases of interest the loss rate is not constant so the relation between the age spectrum to the tracer spectrum is not straightforward. However, (3) and (4) can be generalized to include photochemical processes that are pathdependent. Although the time dependence is not explicitly included in the derivation below, the effects of time dependence on the photochemical loss rates will be assumed to be small because the integration over long paths effectively integrates over diurnal and seasonal variations in photochemical loss.
From (2) 
Go(T)(e -B•(r)r) dT= Go(T)e-(•(r)>r(e-a•'(r)r) dT = Go(T)e-½(r))r(1 -613,(T)T + [S13,(T)T]2/2 ''' )dT. (15)
The second term in the Taylor expansion vanishes identically, and we note that most of the contribution to the integral comes from times T _< 1/(/3(T)) so that for large T the high-order terms vanish. Thus (14) becomes
Bs • Go exp (-(/3(T))T) dT, (16a) which is essentially equivalent to the approximation (exp [-•,(T)T])= exp [-(•(T))T]. (16b)
As we show in section 2.3, (16) Equation (16) now allows us to make the same direct connection between the age spectrum and the tracer spectrum that we exploited in the case of the radioactive tracer. We now turn The age PDF for the calculation shown in Figure 2a is shown in Figure 2b . The minimum age of any parcel is ---2 years. Starting after 2 years, the age PDF generally resembles the age spectrum for the HP diffusion model (equation (8) . We thus were able to estimate the mean age using a higher resolution 2 km by 2 ø grid of sample boxes containing only a few parcels per sample box for Plate 2c. Because the 2-D model circulation has stagnation points, occasionally a parcel will be trapped in the stratosphere. This gives rise to the five small spots of very old air seen in Plate 2c.
Although the mean age distributions shown in Plates 2a and 2b are in general agreement, there are some interesting and not completely explained differences between the trajectory mean age calculation and the Eulerian mean age calculation. For example, the Eulerian calculation shows older air at high latitudes and altitudes compared the trajectory-computed age. We have not found a precise explanation for this difference.
The trajectory mean age calculation also shows more descent at the South Pole than at the North Pole which is opposite to the Eulerian computed mean age. This difference arises from the fact that the Eulerian method averages over seasonal fluctuations in transport, while the trajectory method produces an instantaneous mean age distribution for January 1. The trajectory model is exhibiting the remains of the strong south polar descent of old air from the upper stratosphere, while the Eulerian calculation shows the seasonal average of descent over both poles. We also note that the tropical upwelling zone of young air is quite narrow in Plate 2a but is comparatively broad on the northward tropical flank in Plate 2b. This is also characteristic of a seasonal averaging in Plate 2a. The calculation shown in Plate 2c gives similar results to Plate 2b except that the air outside the tropical lower stratosphere is everywhere younger than that shown in Plate 2b. The increase in mean age from Plates 2b to 2c occurs because path lengths are always longer when random walks are included.
The comparison of the mean age calculations is not directly relevant to this study, but it does highlight an important issue relative to Lagrangian and Eulerian transport methods, namely, that Lagrangian and Eulerian transport calculations, in general, do not exactly agree. The differences between the two calculations are probably due to numerical effects associated with the Eulerian transport schemes (J. Eluszkiewicz, personal communication, 1999) but this issue needs further exploration.
Using the 2-D trajectory results shown in Figure 2 , we can test the approximation (16) and APA. We use the annually averaged N20 loss rates from the 2-D model and compute the N20 amount for each parcel starting with the tropical tropopause amount as the initial condition. Figure 3a To test the approximation (16b), we compute the averaged photochemical loss for each of the paths in a 0.1-year age bin and compare the result to the loss computed using the average path for each age bin (see Figure 3b) . Figure 4b shows the parcel average loss amount versus age (left-hand side of (16b)) compared to the value estimated using APA (right-hand side of (16b)) also shown are the loss amounts for the individual parcels sorted by age (dots). Figure 4b shows that (16b) is an excellent approximation for ages up to 4 years and seems to be a reasonable approximation even for ages beyond 4 years where comparisons are more difficult because of fewer parcels. (There are no values below 2 years as indicated in Figure 2b ). Figure 4c shows the original age PDF and the integrand of (16a), the modified PDF, using APA and the exact loss amounts shown in Figure 4b . Figure 4b shows that even though APA is less accurate for ages greater than roughly 4 years, the effect on the modified PDF is negligible because the amount of tracer is greatly reduced at large times.
Plate 3 shows the extension of the results shown in Figures  3 and 4 to the whole stratosphere except only 2000 parcels are used for each sample. Using the annual average photochemical loss rates, the N20 amount is computed from individual parcel trajectories and APA for each of the sample boxes shown in Plate 3a, which also shows the mean age (same as Plate 2a). For each sample region 2000 parcels are used. The N20 distributions obtained using all of the trajectories and using APA are shown in Plates 3a and 3b, respectively. In general, the differences between the exact and APA are small, consistent with the results we expect from Figure 4b . Closer examination (Plate 3c) shows that exact distribution has a somewhat steeper vertical gradient with altitude than the APA computation. This is understandable since APA will tend to underestimate the contributions of longer paths. We have also computed the percentage differences between the exact N20 and the APA computed amount. For N20 values >30 ppbv, the differences are <10%. For smaller N20 values the differences are below 30% except within the polar vortex where the differences can rise to 70%. Plate 3d shows the sample N20 amount (for both APA and exactly computed trace gas amounts) plotted against the mean age for each of the sample boxes shown in Plate 3a.
The sample mean age and trace gas amount are correlated, but there is significant scatter. The scatter occurs because of variations in the age spectrum between samples with the same mean age. This result shows that mean age is not always a good predictor of the tracer amounts because the tracer amount is determined by the younger part of the age spectrum rather than whole spectrum.
Age Spectrum and Tracer Samples
The relationship between the age or tracer spectrum associated with a given sample and the PDF of many samples is not straightforward since the same mean tracer value can be produced from different tracer spectra. However, there are some obvious relationships that can be exploited. If multiple tracer measurements are made, we can write (16a) in discretized (17) shows that the measurement of N tracers, each having a different chemical loss rate, allows us to obtain N pieces of information about the age spectrum. It is also obvious that N tracer measurements can uniquely define the age spectrum. A corollary to this statement is that the age spectrum cannot change along the surface of common tracer isopleths. For example, let us say that measurements of methane, N20 , SF6, CO2, etc., have a constant mixing ratio along some surface, then that mixing ratio surface is also a surface where the age spectrum is fixed.
It is important to understand the difference between a single tracer spectrum and the PDF generated from many samples. To illustrate this difference, consider a well-mixed atmosphere. By definition, all the trace gas samples will have the same mixing ratio so the PDF made from many different samples will be a delta function. The tracer spectra will also be the same for each of the samples (a result from the preceding paragraph), but the tracer spectra may not be a 15 function; in fact, it is more likely that the tracer spectrum will be broad and flat. The opposite may be true if the sample PDF is broad, which indicates that the samples have quite different trace gas values. A way to achieve this type of sample PDF is for the individual tracer spectra to be sharply peaked with different first moments. These examples show that the tracer spectra and the tracer PDF can exhibit quite different, even opposite, behavior. More realistically, we can think of three distinct atmospheric regions in the lower stratosphere: The first is the tropics where air has entered the stratosphere and is relatively young. The second is the winter polar region, where air has descended from the upper stratosphere and is relatively old. The third is the midlatitude region, where air is mixing between the polar and tropical region. In the case of photochemically destroyed gases released at the tropopause, as we move from the tropical to the polar regions we expect a continuous shift in the first moment of the tracer spectrum toward smaller trace gas values. The tracer PDF obtained from many samples, on the other hand, will show at least three distinct peaks in winter associated with the three regions.
Tracer-Tracer Correlations
Tracer-tracer correlations have emerged as an important tool for unraveling physical processes within the stratosphere.
The strong correlations between various long-lived tracers has been explained by PK as a consequence of rapid isentropic mixing combined with the large-scale overturning circulation. In this section, we extend the Lagrangian approach to include tracer-tracer correlations.
Plate 4 shows a cartoon of the atmospheric sampling and analysis process. In Plate 4, an aircraft samples air with different ages and different tracer amounts, as indicated by the colored dots. Isochrons, or equal mean age isopleths, are indicated by the green contours. On a tracer-tracer diagram, the sample trace gas amounts are plotted. Each sample consists of a large number of irreducible parcels, which are characterized by the age spectrum G(t). Each of the irreducible parcels contains some amount of trace gas determined by the parcel's photochemical exposure, which has reduced, in the case of Plate 1, the trace gas from its tropopause value. The photolysis rate is JB = J . This result suggests that the mixing within the 2-D model produces a broader Go (T) value than the HP analytic model. This is not hard to imagine when we realize that there must be an age spectrum offset, as seen in Figure 2b , which is not included in (8). This offset is due to the general advection of parcels to the sample location as seen in Figure 2a . In addition, there is large-scale overturning within the 2-D model, and old polar vortex air mixing with young tropical air will create a broader age spectrum than that defined by (8).
In general, for a given function Go (T) the sample trace gas amounts must lie between the SPPC and the limit chord. The above results suggest that the limit chord is not restrictive enough and the PK limit is probably a more realistic upper bound. The fact that mixing produces chords which connect parts of the tracer-tracer correlation curve has also been pointed out by Waugh et al.
[1997a] and Thuburn and Mcintyre [1997] to explain mixing between discreet air masses. Here we further argue that such mixing, as characterized by the changing age spectrum as a function of season, is continuously forming and reforming points along different chords which are bounded by the SPPC. There is clearly information about the range of mixing in the curvature of the tracer-tracer correlation. As pointed out by Holton [1986] and Mahlman et al. [1986] , the stratospheric overturning circulation along with photochemistry will maintain the tracer gradients against the effect of isentropic mixing. Each isentropic level then defines a chord with a slightly different slope. This explains why even in a fairly well-mixed system, the tracer-tracer correlation line will be slightly curved and why the curve can be seen as a series of points lying on interlocking chords when the data is analyzed on isentropic surfaces (A. Dessler, private communication, 1998).
Plate 5 The comparison between the ATMOS and 2-D model data is good, although there appears to more of the ATMOS data along the PK-limit line than generated using the trajectory 2-D model for high values of CFC-11 and N20. The likely explanation for the discrepancy is a difference in the sample size between the numerical calculation and the observations. In other words, the trajectory model has not adequately characterized the age spectrum in the high N20-CFC-11 region due to too few parcels. For low values of N20 and CFC-11 the size of the scatter in the ATMOS and model points is about the same and the data falls off the PK limit as older air parcels dominate Go (T).
Summary and Discussion
The purpose of this paper is to present a Lagrangian interpretation of the mixing of chemically active trace gases. The methodology developed extends the age-of-air formalism of HP in which a "sample" of air is defined as a collection of irreducible parcels. The age of each of the irreducible parcels is clocked from their tropopause crossing time, and the age spectrum is the normalized PDF of parcel ages within the sample. Because the parcels are irreducible, mixing along the parcel path does not take place, but the effects of mixing are included in the sampling of a large number of parcels. The tracer spectrum is defined as the PDF of the tracer ratio to the tracer amount at the tropopause.
Photochemical exposure, as opposed to age, is the actual clock that determines the tracer amounts for the individual parcels. For long-lived tracers the photolysis rates are generally scalable so that there is a high degree of correlation between the trace gas amounts computed for individual parcels. On a tracer-tracer diagram this means that the irreducible parcels form a very tight curve, which we refer to as the single-path photochemistry curve (SPPC). As they move through the stratosphere, we can think of parcels moving along the SPPC, with different parcels moving at different rates. Since the sample consists of an ensemble of parcels at different points along the SPPC, the sample point must lie on the interior of the SPPC.
In order to infer transport related quantities such as mean age from trace gas measurements we must connect age and photochemical exposure. We find that the variations in photochemical exposure tend to average to zero for parcels with similar ages. Thus, for an ensemble of parcels in the sample with the same age the photochemical exposure can be computed using the average path. This is called the average path approximation (APA). This approximation allows us to interpret the age spectrum as a "weight" which gives the relative contribution of equivalent parcels with different ages. The age spectrum can then be converted into a tracer spectrum using the photochemistry along the average path for all the parcels that have the same age. Using a 2-D model, we show that these approximations work quite well for N20 and CFC-11 [see also Volk et al., 1997] . Because photochemical loss depends mainly on the parcel age, we can interpret the age spectrum as a kind of weighting function for the SPPC in the tracer-tracer correlation curve.
Analytical examples which form tracer-tracer correlation curves show that these curves tend to be linear on log-log plots, a result first derived by Plumb and Ko [1992] , but this is shown not to be true in general. Using the lifetime of tracers in the 2-D model, we find that N20 and CFC-11 data from the 2-D model data and from the ATMOS instrument appear to fall between the limit curves formed from the tracer lifetime limit and SPPC limit.
The extension of the age-of-air formalism to chemically active trace gases allows the possibility of gaining more information on the age spectrum than can be gained from the study of Finally, the connection between the age and tracer spectrum suggests a strong coupling between the mean age diagnostic and the long-lived tracer fields. However, the long-lived tracer distribution is not sensitive to the tail of the age spectrum, while the mean age is very sensitive to the tail; thus the mean age can be a misleading diagnostic. For example, the trace gas distribution in a model might be quite unrealistic while the mean age field is very realistic and vice versa. This can happen because of the strong weight that old air parcels give to computing the mean age. At the same time the old air parcels give almost no weight to computing the tracer amount for the long-lived tracers. Thus strong emphasis should not be placed on the mean age as a diagnostic determining the success or failure of a model transport scheme especially in regions where old air parcels are a significant component of the sample (e.g., winter polar regions).
